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N the past few decades, angiography has evolved enormously with the subsequent introductions of rotational angiography, [4] [5] [6] 3D morphometry, 2 and 3D rotational angiography. 1, 3 Current 3D rotational angiography combines superior spatial resolution with the advent of interactive 3D visualization. To date, this angiographic procedure has been used in neuroradiology to visualize complex vascular pathophysiology and determine the optimal treatment.
If a 3D rotational angiography data set has been acquired before surgery for complex vascular pathophysiology (for example, arteriovenous malformations or aneurysms in the vicinity of multiple vascular branches), the surgeon can benefit from the intraoperative availability of this detailed information, which ordinarily consists of hardcopy prints of a number of views from the 3D vascular model. Unfortunately, it can be challenging to compare these views with the intraoperative microscopic appearance of the actual anatomy, especially because both reveal only part of the vascular tree and at different angles. The presentation of the 3D rotational angiography data set could be improved by offering images using the same viewing angles as the operating microscope. We aimed to make such improvements by using neuronavigation to track the position of the operating microscope relative to the patient.
Because 3D rotational angiograms typically consist of a small region of interest without the circumference of the head and, consequently, without exterior fiducials to enable patient-to-image registration, neuronavigation based solely on these images has not been feasible thus far. There are two possible strategies to solve this problem. The first consists of coregistering the 3D rotational angiograms with images obtained using a second modality like CT or magnetic resonance imaging. This second modality can be subsequently used to determine the position of exterior fiducials. The second strategy consists of enabling direct navigation in the angiographic suite. Following 3D rotational angiogram acquisition, a navigated pointer can be used to determine the position of fiducials relative to the 3D rotational angiography data set. Three-dimensional rotational angiography is capable of exquisite visualization of cerebral blood vessels and their pathophysiology. Unfortunately, images obtained using this modality typically show a small region of interest without exterior landmarks to allow patient-to-image registration, precluding their use for neuronavigation purposes. The aim of this study was to find an alternative technique to enable 3D rotational angiography-guided vascular neurosurgery. Three-dimensional rotational angiograms were obtained in an angiographic suite with direct navigation capabilities. After image acquisition, a navigated pointer was used to touch fiducial positions on the patient's head. These positions were located outside the image volume but could nevertheless be transformed into image coordinates and stored in the navigation system. Prior to surgery, the data set was transferred to the navigation system in the operating room, and the same fiducial positions were touched again to complete the patient-to-image registration. This technique was tested on a Perspex phantom representing the cerebral vascular tree and on two patients with an intracranial aneurysm. In both the phantom and patients, the neuronavigation system provided 3D images representing the vascular tree in its correct orientation, that is, the orientation seen by the neurosurgeon through the microscope. In one patient, tissue shift was clearly observed without significant changes in the orientation of the structures. Results in this study demonstrate the feasibility of using 3D rotational angiography data sets for neuronavigation purposes. Determining the benefit of this type of navigation should be the subject of future studies.
Because the first strategy implies the acquisition of image data with an additional imaging modality for the sole purpose of fiducial determination, we considered the second strategy to be more elegant. Therefore, the purpose of this study was to develop a procedure using the second strategy and to demonstrate its feasibility in a phantom and clinical cases.
Materials and Methods

Acquisition of 3D Rotational Angiograms
A 5 French catheter is introduced via the groin and positioned in the internal carotid artery feeding the aneurysm under fluoroscopic control. Subsequently, 100 images are acquired in an 8-second 180˚ rotational run of the C-arm (Integris BV5000, Philips Medical Systems) around the patient, while 27 ml Visipaque 270 (Amersham Health) is simultaneously injected using a power injector (flow rate 3 ml/second). To obtain good contrast enhancement, an acquisition delay of 1 second is used. The images obtained in this run are sent to a workstation that reconstructs a 3D high-resolution isotropic volume. This 3D reconstructed volume is visualized using volume-rendering techniques.
Direct Navigation on 3D Rotational Angiograms
To allow the determination of fiducial positions that lie on the surface of the patient's head and, consequently, outside the image volume, the angiography room was provided with navigation capabilities. The 3D rotational angiography system was coupled to an image guidance system (StealthStation TREON, Medtronic SNT) by using a new software module, which had already been developed by the manufacturer. 7, 8 This module enables the determination of the positional relation between the imaged volume and a tracker plate on the image intensifier through a one-time calibration step. In this step, we obtain an image of a calibration phantom, which holds 23 bullets and a tracker plate at known positions. The position of the calibration phantom relative to the tracker plate on the image intensifier is determined using the navigation system. The resulting image data are sent to the navigation system, and the positions of all 23 bullets are determined using the computer mouse. Subsequently, the software calculates and stores the relationship between the tracker plate on the image intensifier and the image coordinates.
During a clinical procedure, the positional relationship between the patient and the tracker plate on the image intensifier is determined immediately after the patient undergoes imaging, which completes the patient-to-image registration necessary for navigation in the angiography suite. The 3D rotational angiography data are sent to the image guidance system and navigation is possible. If the patient is not immobilized, any motion he or she creates can be corrected for by tracking a DRF attached to him or her.
Subsequently, the image guidance system in the angiography suite is used to localize fiducial points on the patient's skin with a navigated pointing device. These fiducial points can be ordinary pen marks. Although these marks are outside the image volume, the navigation software is able to store these positions in image volume coordinates if two slight software modifications are made. First, the original software stops navigating when the navigated instrument moves outside the image volume; this restriction was cancelled. Second, the original software accepts only those fiducial points that are depicted in the images by using the computer mouse or touch screen; this function was altered to enable points, digitized with a navigated instrument, to be defined as fiducial positions. The entire procedure (Fig. 1a) results in a data set containing an isotropic 3D rotational angiography volume and a number of fiducial positions in the same coordinate system but not necessarily within the actual images. This data set is subsequently transferred to the operating room.
Navigation in the Operating Room Using the 3D Rotational Angiography Data Set
Once data have been transferred to the operating room, to an image guidance system using the original (unaltered) commercially available software, the only difference from a regular navigation procedure is the fact that the fiducial positions have already been defined (Fig. 1b) . In other words, the volume is loaded, a 3D surface rendering is constructed semi-automatically, and the fiducial positions are localized with a pointer device to finish the patient-to-image registration procedure necessary for navigation in the operating room. Hereafter, image-guided surgery can commence.
Phantom Experiment
We used a transparent cylindrical Perspex phantom containing in its center a simplified representation of the cerebral vessels with a large aneurysm at the top of the basilar artery. This "vascular tree" was filled with iodinated contrast medium to which a red dye had been added. Directly following 3D rotational angiogram acquisition, six pen marks on the image surface were localized using a navigated pointer device. Both the data set and phantom were subsequently transferred to the operating room, and patient-toimage registration was performed by pinpointing the same six pen marks using the same pointer device. The navigated operating microscope was then used to look at the "vessels." These images were compared qualitatively with the 3D images provided by the navigation system based on the position of the microscope.
Clinical Cases
Case 1. This 60-year-old man with no prior adverse neurological history experienced transient weakness in his left arm and leg during a 2-day period, and permanent weakness in his left-sided facial muscles. Cranial CT results demonstrated right-sided cerebral infarction and, incidentally, an aneurysm at the trifurcation of the left middle cerebral artery, which was confirmed with CT angiography. Because the patient had experienced no episodes of sudden headaches, the aneurysm was considered asymptomatic. The interventional radiologists at our institute considered the aneurysm ineligible for endovascular treatment.
Case 2. In May 2003, this 58-year-old woman was admitted to our hospital after experiencing sudden headache, nausea, vomiting, and progressive deterioration of consciousness. Cranial CT results revealed subarachnoid and intraparenchymal hemorrhage, intraventricular blood, and hydrocephalus. An external ventricular shunt was placed to relieve the hydrocephalus, and angiography revealed two aneurysms of the anterior communicating artery. The larger of these two lesions was considered to be the symptomatic one and treated with GDCs. On repeated angiography, the smaller of the two lesions was considered ineligible for endovascular treatment.
Both patients were admitted to the neurosurgical department for surgical treatment. In both cases, the neurosurgeon required a diagnostic 3D rotational angiography study before surgery. We obtained the patients' consent to use the resultant data sets solely for our feasibility experiment, without influencing the actual 3D rotational angiography procedure or surgical decisions.
For each patient, a 3D rotational angiography volume with pinpointed fiducials was acquired using the techniques described previously (Fig. 2A) . Image acquisition, 3D image reconstruction, data transfer to the navigation system, and localization of six fiducials took approximately 10 minutes, during which the patient had to lie absolutely still in an immobilizing (noninvasive) headrest. The DRF, necessary for tracking the position of the patient, was attached to the angiography table because there was no sufficient noninvasive way of attaching it to the patient's head. The entire data set, including the fiducial positions, was transferred to the navigation system in the operating room (an identical StealthStation TREON system but with unaltered, commercially available software).
Surgery was performed on the same day (Fig. 2B) . After patient positioning, the fiducials were localized with a pointer device to complete the patient-to-image registration procedure. The value offered by the system to indicate the success of this registration procedure must be less than 5.0 mm to continue navigation and was 2.6 mm in Case 1 and 1.6 mm in Case 2. A left frontotemporal craniotomy was performed in both cases, and the aneurysm was explored and clipped. Again, the microscopic images were compared qualitatively with the 3D images provided by the navigation system based on the position of the microscope.
Results
Figures 3, 4, and 5 permit comparisons of the microscopic images (A) and the navigated 3D reconstructions (B) in the phantom experiment and the clinical cases, respectively. Due to the simplicity of the phantom, one can clearly see the resemblance between the two images. The microscopic image is a little distorted due to the lens effect caused by the cylindrical shape of the Perspex phantom. In the clinical cases, the two images are a little more difficult to compare, but the resemblance can still be recognized. In the first case, the accuracy with which a structure (for example, the middle cerebral artery) could be localized was disappointing; when comparing the position of the focal point of the microscope with the 3D cursor in the 3D rotational angiography data set qualitatively, a shift ranging from a few millimeters at the skull base to more than 1.5 cm at the aneurysm dome was observed. This difference was most probably due to shift caused by the retractor. Nevertheless, because changes in the orientation of the vascular structures were negligible, the resemblance between the two images was maintained. In the second case, less tissue shift was observed as may be expected from midline structures and is illustrated qualitatively in Fig. 5A by the heads-up display.
Discussion
To date, 3D rotational angiography data sets could not be used for image-guided vascular neurosurgery because these data sets typically contain a small field of view and therefore lack external fiducials necessary for patient-to-image registration. In this paper we describe a technique to solve
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Image guidance with 3D rotational angiography 503 FIG. 1. Schematics demonstrating the procedural steps followed in image-guided surgery with 3D rotational angiography. The first two steps are performed in the angiography suite and consist of image acquisition and fiducial localization in the image space (a). The following steps are performed in the operating room and do not differ from those in regular image-guided surgery (b).
this problem: direct navigation on 3D rotational angiograms in the angiographic suite. Furthermore, the feasibility of this approach was demonstrated in a phantom and clinical case.
Direct navigation on 3D rotational x-ray images was facilitated by a one-time calibration procedure that established the correspondence between physical space in the angiography room and image space. Calibration was performed using a surgical navigation system that could be subsequently used for navigation on 3D rotational angiography data in the angiography room. 7, 8 Because the angiography suite is unsuitable for vascular neurosurgery, we decided to use navigation to localize fiducial positions within the image coordinate system but outside the image volume during 3D rotational angiogram acquisition. Subsequently, the same fiducial points were touched in the operating theater for patient-to-image registration. The cranial module commercially available on the StealthStation TREON had to be altered slightly to allow the determination of digitized fiducial positions outside the image volume. The resulting procedure is somewhat comparable to the use of intraoperative fiducials in a regular navigation procedure; that is, the surgeon finds the fiducial positions on the patient rather than directly in the images, and the navigation system is used to determine the associated image coordinates.
Earlier phantom-based measurements revealed the accuracy of the navigation procedure in the angiography suite to be just under a mean of 1 mm. 7 However, in our procedure, this value merely represents the accuracy with which the fiducials could be digitized in image space. One should expect intraoperative accuracy to be less favorable due to a number of factors. First, during fiducial digitization in the angiography suite, the patient is awake, and this precludes attachment of the DRF to the patient's head. We attached the DRF to the table to correct for table movements ner by using a board with foam blocks. Furthermore, the patient was instructed to keep his or her head as still as possible. In cooperative patients this instruction can be sufficient, but in confused or restless patients it most certainly is not. Second, the registration procedure performed in the operating room will introduce additional inaccuracy. Third, intraoperative accuracy will degrade due to tissue shift.
Formal clinical accuracy measurements could not be performed given that they must be based on the distance between the position of a predetermined point in image space and the position of that point mapped from surgical space onto the same image space, which requires knowledge of the position of a test point, an internal anatomical landmark, in both image and surgical space. With the currently available intraoperative images (orthogonal slices and 3D images of the vessels only), it was impossible to determine the coordinates of an internal landmark accurately. Therefore inaccuracy in Case 1, probably due to shift caused by the retractors. The deterioration of accuracy more distally along the vascular tree was most likely caused by a hinge mechanism at the point where the internal carotid artery is fixed at the skull base.
Conclusions
Although an accurate error analysis is not yet available and the registration should be regarded as approximate, the orientation of the vascular tree was preserved, and our goal of offering 3D rotational angiograms mimicking the surgical view was nonetheless achieved. Whether this development will ultimately aid in understanding the intraoperative presentation of vascular pathophysiology and thus be beneficial in its treatment and clinical outcomes remains to be determined by future research. If such a benefit is demonstrated, we expect it to involve more complex vascular pathophysiology such as relatively large aneurysms in the vicinity of a number of arterial branches or relatively large arteriovenous malformations.
